We theoretically show that a sequence of short laser pulses can efficiently polarize nuclear-spin of atoms/ions. This is a variant of optical pumping with an important difference that a sequence of short laser pulses is used instead of a continuous-wave laser. Such a replacement is particularly useful if the pumping wavelength is in the ultraviolet or vacuum-ultraviolet region where obtaining a continuous-wave light source with a sufficient intensity is very difficult. Because of the use of short laser pulses neither hyperfine transitions nor fine structure transitions are spectrally resolved, which is quite in contrast to the standard optical pumping scheme by a continuous-wave laser. As an example we apply the scheme to polarize the muonium (μ + e − , lifetime 2.2 μs), for which the pumping wavelength is 122 nm. From numerical solutions of a set of density matrix equations, we find that the use of only a single, two, and five pulses with a ps duration at the peak intensity of 2 × 10 8 W/cm 2 and a 5 ns time interval results in the degrees of spin-polarization of 33, 50, and 80 %, respectively, within the time scale of a few tens of ns. 33, 305-307 (1978). 12. D. Cotter, "Tunable narrow-band coherent VUV source for the Lyman-alpha region," Opt. Commun. 31, 397-400 (1979). 13. R. Wallenstein, "Generation of narrowband tunable VUV radiation at the Lyman-α wavelength," Opt. Commun.
Introduction
There is a great demand to polarize unstable nuclei in nuclear physics [1] . Certainly the time scale to accomplish nuclear-spin polarization must be shorter than the lifetime of unstable nuclei. Among others the most well-known methods to polarize nuclei are nuclear-fragmentation method, optical pumping by a continuous-laser [2] [3] [4] [5] [6] [7] [8] , and a combination of optical pumping and spin-exchange collisions [9, 10] .
If a level structure of the target is simple and a powerful light source in a continuous mode is available, optical pumping may be efficiently used to polarize nuclei. How fast the nuclear-spin polarization is realized by optical pumping crucially depends on the intensity of the pump laser, lifetime of the upper state, and the corresponding dipole moment. Namely, if the pump intensity is low, a very long interaction time is required and vice versa, since a low intensity means that only a very small fraction of atoms in the ground state is pumped to the excited state, after which the spontaneous decay takes place back to the ground state. More precisely, it can be said that, for the optical pumping technique to work, the pulse area, which is a dimensionless quantity associated with the time-integration of the corresponding Rabi frequency, must be sufficiently large. Unfortunately, if the pumping wavelength becomes shorter and falls into the vacuumultraviolet (VUV) region, it would be very difficult to obtain a light source with a sufficient brightness. That is indeed the case of the muonium (μ + e − ) and hydrogen atom, etc. for which the pumping wavelength is about 122 nm (Lyman-α line). In particular polarizing the muonium is a very challenging task because its lifetime is only 2.2 μs.
Historically the generation of a (tunable) light source for the Lyman-α line has been an important issue [11] [12] [13] [14] [15] [16] [17] [18] , since such a light source is invaluable for the plasma diagnosis and precision spectroscopy of hydrogen, etc. So far the reported Lyman-α light sources are generated in the continuous-wave (CW) [17, 18] or nanosecond pulsed mode [11] [12] [13] [14] [15] [16] by combining different nonlinear optical processes. Although the operation of the Lyman-α light source in the CW or ns pulsed mode is essential to obtain a narrowband radiation, the efficiency to generate the Lyman-α radiation is usually very low.
The purpose of this paper is to show that a sequence of short laser pulses can efficiently realize nuclear-spin polarization within the time scale of a few to tens of ns. This is a variant of the optical pumping technique with an important difference that a pump laser is in the pulsed (ps or fs) mode instead of a CW mode. We emphasize that there are two big advantages of using short laser pulses for optical pumping, in particular in the VUV range. First, the use of intense short laser pulses increases the efficiency of nonlinear frequency conversion processes compared with those of CW lasers and ns lasers. Second, the spectral bandwidth of short laser pulses is extremely broad compared with those of CW and ns lasers, and hence we do not have to make efforts to match the laser spectral profile with all hyperfine transitions of the target atom for the efficient pumping. It is, however, far from obvious how much nuclear-spin polarization we can achieve with a sequence of short laser pulses under realistic pumping conditions.
To rigorously describe such unusual situations for optical pumping, we employ a quantum mechanical description of the system through a set of density matrix equations [19] , since the standard treatment of optical pumping with a CW laser in terms of rate equations [20] fails.
In this paper we present a specific example for the muonium. Polarized muon is of great interest [21] [22] [23] for many years. For instance, spin-polarized (positive) muons are a powerful tool to probe the magnetic properties of the target and the technique is called muon spin rotation and relaxation (μSR) [21, 24] . However, the kinetic energy of the muon beam produced through the decay of pions is in a few tens of MeV and they go deep (mm order) into the sample. In order to probe the magnetic property of the sample very near the surface (μm∼nm order), an ultraslow muon beam with high spin-polarization is necessary [25, 26] , which is a very demanding task.
Related to the present work, we have proposed a few different schemes to realize spinpolarization of electrons/ions [27] [28] [29] [30] [31] [32] and nuclei [33, 34] using laser pulses. Essentially speaking, we can classify our polarization schemes into two kinds, neither of which, however, utilizes the so-called optical pumping technique, and hence completely different from the present scheme. In the first kind, the fine structure of atoms is spectrally resolved by the ns pump pulse and ionization is induced by the ns probe pulse. This implies that ionization takes place from the spin-resolved fine structure state, and therefore we can expect spin-polarization in photoelectrons as well as photoions, although how much spin-polarization we can indeed realize is not so simple. This is because the angular momentum of photons from circularly-polarized pump or probe pulses is redistributed between the spin and orbital angular momenta of photoelectrons as well as photoions. We have experimentally demonstrated spin-polarization of Sr atoms using ns pump and probe pulses [28] . In the second kind, the fine structure of the excited state is not spectrally resolved by the short pump pulse, implying that a coherent superposition of the corresponding manifold is produced. After the short pump pulse, coherence evolves in time in terms of the spin precession under the field-free condition, and the transient spin-polarization is realized for the electron-spin Needless to say, this is a variant of quantum beat [35] [36] [37] in a spin-resolved manner. An indirect signature of ultrafast spin-polarization has been reported for a one-electron atom, K, as a modulation of the (unpolarized) photoion signals [38, 39] . Using a two-valence-electron atom, Sr, we have successfully reported the direct experimental observation of unltrafast spin-polarization in the Sr + photoion signals, which agrees well with our ab initio theoretical prediction [32] . We have extended the idea to polarize nuclear-spin within the time-scale of a few to tens ns [33, 34] , suggesting that even unstable nuclei can be highly polarized well within their lifetimes. Unfortunately the second kind of spin-polarization scheme does not work if the hyperfine splitting is too small and the natural lifetime is too short. As we will show later on in this paper, the present scheme works well under such situation, and therefore it is complementary to the second kind of spin-polarization scheme [33, 34] .
Model
The relevant level diagram of the muonium atoms is shown in Fig. 1(a) . Note that the muonium (μ + e − ) atom has a very similar level structure with that of the hydrogen atom. The main difference between them can be seen in their hyperfine splittings. This comes from the extremely large magnetic moment of the muon compared with the proton. We assume that a sequence of laser pulses at a central photon energy of ∼10.2 eV with right-circular polarization coherently excites atoms in the ground 1s 1/2 state to the excited 2p 1/2 and 2p 3/2 states which have a lifetime of 1.62 ns. Due to the presence of hyperfine interactions, each state splits into the two hyperfine levels, and Fig. 1(b) shows the level scheme of interest with all magnetic sublevels explicitly represented. Each pulse has been assumed to have a pulse duration, τ L , defined for the full width at half maximum (FWHM) with a certain time interval, T , between them. Provided the peak field amplitude E 0 , pulse duration τ L , and number of pulses n max with a time interval of T , the envelope function of the laser field reads
In this paper we assume that the duration of each pulse is 1 ps, i.e., τ L = 1 ps, which means that the spectral bandwidth of pump pulses is about 440 GHz. Clearly if the time interval between the pulses is in the time scale of a few to several ns, most atoms in the excited states go back to the ground state through the spontaneous decay before the next pulse arrives. Note that the dynamics of this system cannot be correctly described by rate equations, since they can account for neither the broad spectral bandwidth originating from the short pulse duration, Rabi oscillations, nor hyperfine interactions which can take place after the short laser pulses. We employ a set of density matrix equations to correctly account for the interaction dynamics. A special care, however, has to be taken for the present case where the hyperfine coupling time is comparable to the lifetime of the 2p state. Namely the use of the coupled basis Fig. 1(c) , where the following notations for the states of interests have been introduced:
By inspection of Fig. 1(c) we can immediately see the advantage of the use of uncoupled basis description: For instance, consider the laser excitation from state |1 . Since the nuclear-spin orientation of atoms in state |1 is 100 % spin-down and the dipole interaction does not work on nuclear-spin, the nuclear-spin orientation of atoms is unchanged just after the excitation by the short laser pulse. This is depicted by states |3 and |5 in Fig. 1(c) , and clearly atoms in those states do not spontaneously decay to |10 since such a transition involves the change of nuclearspin which is forbidden. Due to the presence of hyperfine coupling, however, the nuclear-spin flipping will periodically take place from |3 to |2 (|5 to |4 ) and vice versa, as represented by the red arrows in Fig. 1(c) . In this way the laser excitation from |1 can populate not only the spin-unchanged states, |3 and |5 , but also the spin-flipped states, |2 and |4 , the spontaneous decay channels from which are different: a spontaneous decay from |3 will end up with |0 , |1 , and |6 with the branching ratio of 1:4:1, while that from |2 will end up with |0 , |6 , and |10 with the branching ratio of 1:1:4. Clearly the hyperfine couplings in the excited states help polarize the nuclei. Another important remark is that, although the hyperfine couplings in the excited states help polarize the nuclei, our scheme still works even if the hyperfine couplings in the excited states are very weak, because the hyperfine couplings still take place in the lower (ground) states during the time interval between the pulses. Recall that the hyperfine coupling time of the ground state is sub-ns for the muonium, while the time interval between the pulses is assumed to be several ns in this paper.
For the quantitative description of the time-dependent dynamics of nuclear-spin, we must numerically solve a set of density matrix equations. We start from the equation of motion of the density operator, ρ, i.e., ihρ = [H 0 + H 1 + D, ρ], where H 0 is the unperturbed atomic Hamiltonian excluding the hyperfine interactions among the excited states, H 1 is the hyperfine interactions among the excited state, and D is a electric dipole operator. Namely it is H 0 + H 1 that represents the total unperturbed atomic Hamiltonian. This is a convenient definition of the total unperturbed atomic Hamiltonian, since we have introduced the uncoupled basis description to describe the excited states and therefore the hyperfine interactions in the excited states must be treated separately. Using the basis set, {| j } ( j = 0, 1, ..., 11), we can obtain all density matrix elements by calculatingρ i j = −ih
After introducing the rotating-wave approximation and phenomenologically adding the spontaneous decay terms, we finally obtain the set of equations for the density matrix elements, σ i j (i, j = 0, 1, ..., 11), which readṡ σ 00 = γ sp ( 
σ 66 = γ sp ( 1 6 
where Ω i j is a Rabi frequency and defined as Ω i j = μ i j E(t)/h with μ i j being a dipole moment between |i and | j . Similarly Ω
(H)
i j is a non-radiative hyperfine coupling between states |i and | j , which is defined as Ω (H) i j = |ω i j |/2 with ω i j = ω i − ω j . γ sp represents a spontaneous decay rate which are exactly the same for all excited hyperfine states of both hydrogen and muonium. Δ i j is the detuning defined as Δ i j = ω − ω i j where ω is the central photon energy. The branching coefficients of the spontaneous decay such as those appearing in Eqs. (2), (3), (8), and (12) simply arise from the ratios of the Clebsh-Gordan coefficients of the relevant transition matrix elements. Now, with the pulse function given by Eq. (1), we numerically solve Eqs. (2)- (34) for different peak intensities, time intervals, number of pulses, and laser detunings with an initial condition, for a moment, that the four ground hyperfine states of 1s 1/2 with F = 0 and F = 1 are equally populated before the laser pulses, i.e., σ 00 = σ 11 = σ 66 = σ 1010 = 1/4 at t = −∞. Since we are interested in nuclear-spin polarization after all atoms in the excited hyperfine states spontaneously decay back to the four ground hyperfine states, the degree of spin-polarization, P, is defined for atoms in the ground state using the relation of
where
and
In Eqs. (36) and (37), P up and P down represent the population of muonium atoms in the ground state with up and down nuclear-spin, respectively. Before we move on to show representative numerical results, we would like to make some remarks on the generation of a sequence of right-circularly polarized 10.2 eV pulses with a ps duration and sufficient pulse energy for the practical applicability of our scheme. The experimental setup we propose is described in Fig. 2 : We can use a pulse stacking technique to obtain Fig. 2 . Proposed experimental setup. Starting from a ps Ti:Sapphire laser tuned at 730 nm, a three-stage pulse stacker produces 8 pulses with alternating (s-and p-) linear polarization. A polarizer picks up one of the polarization components of the pulses to produce the second-harmonic by a nonlinear crystal. The 365 nm pulses interact with rare gas atoms to produce the third-harmonic at 122 nm (∼10.2 eV). A circular polarizer (CP) appropriately tilted around the optical axis converts its polarization from linear to circular to pump the target atoms. HWP, PBS, PL, NLC, L, and HM stand for a half-wave plate, polarizing beam splitter, linear polarizer, nonlinear crystal, focusing lens, and harmonic mirror, respectively. a sequence of pulses from a single ps Ti:Sapphire laser pulse at 730 nm. If we employ a m-stage pulse stacking, the number of pulses we obtain is 2 m (m = 3 in Fig. 2 ) with alternative linear polarization, s and p. With the use of a linear polarizer we pick up pulses with p-polarization only, and the number of pulses is now 2 m−1 , resulting in the energy throughput of about 50 %. The 730 nm pulses are now converted to the 365 nm pulses with a nonlinear crystal. Using those pulses at 365 nm, we produce a sequence of 122 nm (∼ 10.2 eV) pulses through the third-harmonic generation.
Alternatively, if one uses Ti:Sapphire laser pulses tuned at 851 nm, the 10.2 eV pulses may be produced as the 7 th harmonic. High-order harmonic generation (HHG) is a well-studied process, and the pulse energies of the HHG can be as much as 6, 4, and 1 μJ for the 11 th , 13 rd , and 15 th harmonics [40] , respectively. We expect much more pulse energy for the 7 th harmonic, since it is a lower order harmonic. The 10.2 eV pulses produced by the above prescription have linear (s-) polarization. We must now change polarization of the 10.2 eV pulses from linear to circular. This can be done by the use of a circular polarizer [41] [42] [43] with a transmission of about 5-10 %. Another way of producing circularly polarized 122 nm pulses is to use a combination of linearly and circularly polarized 365 nm pulses to directly produce 122 nm pulses with circular polarization by sum-frequency four-wave mixing [44, 45] , which is in our case third-harmonic generation. Such a scheme is more complicated to prepare the 365 nm pulses but can be more advantageous to avoid the order-of-magnitude energy loss by the use of a circular polarizer. A simple estimation shows that a 1 ps pulse at 10.2 eV photon energy with a pulse energy of 10 μJ results in the peak intensity of 1.3 × 10 9 W/cm 2 if the beam diameter is 1 mm.
Of course, depending on the kind of target atoms to be polarized, we may not need laser pulses in the VUV range. In such a case, we can replace the harmonic generation arrangement in Fig. 2 by other kind of frequency-conversion arrangement and the experimental setup becomes much simpler.
Results and discussions
Now we present representative numerical results. First we consider the case of a single pump pulse. In Fig. 3 ferent peak intensities where zero detuning means that the 10.2 eV pump pulse is on resonant with the 1s 1/2 (F = 1)-2p 1/2 (F = 0) hyperfine transition. Positive (negative) detunings imply that the photon energy is larger (smaller) than this. As the peak intensity increases the degree of spin-polarization increases up to 2 × 10 8 W/cm 2 where the pulse area is already a bit more than π and nearly-complete population inversion takes place. If we further increase the peak intensity, for instance 4 × 10 8 W/cm 2 , the degree of spin-polarization starts to decrease because the effective pulse area (modulus of π) becomes smaller. Note that it is an effective pulse area and not the pulse area that matters. It is clear that we have no reason to make the peak intensity of each pulse higher than 2 × 10 8 W/cm 2 . Now we consider the case of two pulses. Change of spin-polarization for the different peak intensities and the detunings are shown in Fig. 4 as a function of time interval between the pulses. The detuning has been set to be zero in this case. We note that the results are very similar even if we choose a little bit different detunings, ±20GHz, due to the very broad laser bandwidth. We observe the presence of oscillations. Essentially they arise from the Ramsey interference in the time domain. In our case, however, we have a few different frequency components in the oscillations, since we are dealing with the multiple hyperfine transitions by short laser pulses with a very broad spectral bandwidth. Clearly the fastest oscillations are associated with the fine structure of 2p 1/2 and 2p 3/2 , and hence ∼10.9 GHz. Because of the presence of hyperfine levels in 1s 1/2 , 2p 1/2 , and 2p 3/2 , there are a few slightly different frequency components which result in the slow modulation in Fig. 3 . Naturally the influence of Ramsey interference becomes smaller for the larger time interval between the pulses due to the rapid loss of coherence through spontaneous decay, and at the 10 ns time interval the modulations are almost gone. We point out that the use of the two pump pulses improves the maximum degree of spin-polarization from ∼33 % for the single pulse to ∼53 % for the two pulses if we employ the peak intensity of 2 × 10 8 W/cm 2 .
In Fig. 5 we show the temporal evolution of the degree of spin-polarization. for the case of five pulses with a fixed time interval of 5 ns. The detuning has been set to zero again. We see that the increment of the degree of spin-polarization after each pulse is approximately the same if the peak intensity is low, i.e., 10 7 W/cm 2 . Indeed this situation is very similar to that of the ordinary optical pumping by a CW laser. If the peak intensity is higher, however, the increment tends to become smaller as spin-polarization approaches unity. Our results clearly indicate that significant spin-polarization can be realized by using only a few 10.2 eV pulses with a ps duration and it can be as much as ∼80 % if the peak intensity is ∼ 10 8 W/cm 2 . The sharp decrease of polarization at the instant of laser pulses (5, 10, 15, 20 , and 25 ns) for the peak intensities of 10 8 W/cm 2 and 2 × 10 8 W/cm 2 arises from the fact that we have defined the polarization only for atoms in the ground state: When the peak intensity is as high as 10 8 W/cm 2 and 2 × 10 8 W/cm 2 , most atoms are in the excited states (almost complete population inversion), which results in the apparently irregular behavior of polarization defined for atoms in the ground state at the instant of laser pulses.
Upon production of muons they are known to be perfectly polarized. However, when they pick up electrons to become muonium atoms, the degree of polarization is reduced to about 50 %. An interesting question is how much we can increase the degree of spin-polarization with the present scheme. For that purpose we now change the initial condition and assume that σ 00 = σ 66 = 1/4, σ 1010 = 1/2, and σ 11 = 0 at t = −∞. Results for the five pulses with a 5 ns time interval are presented in Fig. 6 . Naturally a higher degree of spin-polarization can be achieved with this initial condition. According to our calculations (not shown here) we can achieve 94 % spin-polarization if we employ eight pulses with a 5 ns time interval.
Conclusions
In conclusion, we have shown that a sequence of short laser pulses can efficiently polarize nuclear-spin of atoms/ions. The scheme is very general and can be applicable to a variety of atoms/ions. This is a pulsed laser version of optical pumping and particularly useful when the lifetime of the target is very short and/or the pumping wavelength is too short to efficiently produce with a CW or ns laser. Since the short laser pulses have a very broad spectral bandwidth all hyperfine transitions as well as fine structure transitions are simultaneously excited. This, however, does not spoil the optical pumping processes. Indeed, our specific calculations for the unpolarized muonium atoms have shown that the degrees of spin-polarization can be as much as 33, 50, and 80 % by using a single, two, and five 10.2 eV pulses. If we can use eight pulses, it can be as much as 94 %.
